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ABSTRACT 
Theory of Eddy Currents for Nondestructive Testing 
by 
. Craig Charles Biddle 
Eddy current inspection methods are used extensively in industry 
for the nondestructive testing of a wide variety of materials and 
product applications . 
The general theory of eddy current inspection is described. 
Equations defining the depth of penetration are derived from Maxwell's 
equations . 
Signal analysis methods are described using coil impedance diagrams. 
The impedance diagrams for a number of inspection applications are 
presented. A discussion of the techniques for theretical calculation 
of the impedance of a coil is described . 
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I. INTRODUCTION 
The objective of this report is to introduce the theory 
of eddy current inspection techniques for nondestructive testing. 
Before initiating a dissertation on eddy current techniques 
it would be well to define nondestructive testing [1, 2, 3]. 
Nondestructive testing is an engineeriag discipline 
dedicated to the measurement of all aspects of materials and 
hardware homogeneity and conformance to established quality 
specifications . Nondestructive testing involves the examination 
of an article by a proceedure that does not impair its service-
ability . Nondestructive test techniques use practical applications 
of the principles of physics to measure hidden properties and to 
detect material discontinuities . Some common nondestructive testing 
methods include eddy currents, ultrasonics, radiography, magnetic 
methods, penetrants , holography, and infrared techniques. A 
detailed comparison of most nondestructive testing techniques, 
their merits , and their limitations has been published by Va1y [ta]. 
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Eddy current nondestructive tP.st methods are used extensively 
in industry for a wide variety of materials and product application~. 
Applications include [2, 5]: 
1 . Alloy type testing to insure use of specific materials 
for manufacturing a product 
2. Electrical conductivity rneasul·ements 
3. Identification of material heat treat conditions 
4. Defect detection including location, identification and 
measurement of cracks, laps, porosity, inclusions etc. 
S. Wall thickness measurements in tubing, complex structures 
sheet metal products, etc. 
6. Coating thickness measurements including: 
a) Nonconductive coatings on conductive substrates 
b) Conductive coatings on nonconductive substrates 
c) Conductive coatings on substrates of higher or lower 
conductivity 
7. Corrosion detection 
8. Eddy current proximity probes 
9. Counting devices 
10. Measurements of liquid concentrations 
11. Control of fluid levels 
2 
Eddy currents are primarily useful in applications requiring 
a surface or near surface inspection technique. Eddy current 
methods are also useful for measurement of parameters within a 
hostile enviornrnent including temperature extremes or background 
radiation. 
Eddy current inspection methods depend upon the principles 
of electromagnetic induction. An eddy current flow is obtained by 
applying a time varying sinusoidal electric current to a test coil. 
The resultant sinusoidally varying magnetic field (figure 1) 
induces an electric current flow when placed in the vicinity 
of an electrically conductive material. The electric currents 
will flow in the conductive material in circular concentric paths, 
hence the name eddy currents (figure 2). In accordance with 
Lenz's Law, the eddy currents produce a secondary magnetic 
field which interacts with the primary magnetic field. The 
resultant field (a vectorial addition of the primary and secondary 
magnetic field) induces a current through and a voltage across 
the coil. Variation in the eddy current magnitude or path will 
result in a perturbation in the magnetic field and a resultant 
perturbation in the test coil voltage. 
AC 
Input 
~-----Magnetic field lines 
electrically conductive specj~en 
Fig. 1. Coil's magnetic field in a test specimen 
In a homogeneous test object, eddy currents flow in a 
plane parallel with the surface. Eddy currents can be used 
to inspect for any irregularities or material inhomogeneities 
which alter or interfere with the eddy current magnitude, phase, 
or flow path. The magnitude and phase of these induced eddy 
currents depend upon the amplitude and frequency of the driving 
3 
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~------~---Resulting from the 
Coil's Magnetic 
Field 
Fig. 2. Resultant eddy current flow in a specimen 
current, electrical conductivity, magnetic permeability, specimen 
geometry, coil positio~ing, and material homogeneity. The flow 
path is determined by the nature and orientation of a test object 
surface irregularity or material inhomogeneity (figures 3 and 4). 
AC Input 
Direction of Coil's 
Field 
,., 
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Fig . 3 . Eddy current flow around a crack in a flat specimen 
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________ Encircling Coil 





Fig. 4. Eddy current flow in a cylind€r 
II. ELECTRCI-1AGNETIC THEORY OF 
EDDY CURR~~T INSPECTION 
High frequency eddy currents are primarily confined to the 
surface of an electrically conductive material. The phenomenon 
is referred to as the "skin effect". 
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In devising an eddy currnnt inspection for a specific 
application, 0ne must determine what depth of penetration is 
required. For example, when inspecting coating or wall thicknesses 
the depth of penetration of the ffiajority of the eddy current 
energy should equal or exceed the thickness of the characteristic 
to be measured. Similarly, if inspecting for subsurface defects, 
the depth of penetration must be sufficient to provide a relatively 
high eddy current density at the potential defect depth. However, 
inspection for exceptionally shallow, tight cracks requires high 
current densities confined to the object surface. 
Determination of the depth of penetration for a given 
application depends upon knowledge of the effect or variables 
governing eddy current flow and their depth of penetration. With 
a good grasp of the variables affecting eddy current inspection, 
the NDT engineer can preselect the optimum inspection parameters 
within the constraints or boundary conditions of the applications. 
In this section the basic theory of eddy current depth 
of penetration will be investigated and equations defining the 
7 
principle parameters affecting the eddy current inspection will 
be derived., 
Eddy Current Depth_Ef Penetration 
Electromagnetic der~vatious traditionally begin with a 





V e D = P 
- -
V • B = 0 
- -V X H = J+ on Ot 
- -B = ~-t H 
- -D = e E 
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J =o E 
D = electric flux density 2 (coulombs/meter ) 
- density 2 B = magnetic flux (webers/meter ) 
-H = magnetic field intensity (amperes/meter) 
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current density (amperes/meter2) J = 
-E = electric field il1tensity (volts/meter) 
f = electric permitivity (farads/meter) 
~ = magnetic pe~itivity (henry/meter) 
a = electric conductivity (mho/meter) 









Using Maxwell ' s equations,a relatively straight forward 
description of eddy current flow in a material can be derived [s]. 
Eddy current inspection techniques are applied to electrically 
conductive ri1etals in which the free charge density (p) is zero. 
For this derivation one traditionally assumes a homogeneous 
conductive region with a unidirectional sheet of current in the 
conductive Y- Z plane where 0 < x <oo (representative of an infinitely 
large test object relative to the coil dimensions). 
Combining Maxwell ' s equations (3), (6), and (7) eliminates 
current and electric flux densities giving 
v X H = aE + 
vxii () =[a+ e ~] E 
(8) 
(9) 
Inspection of equations (4) and (9) suggests that E can be eliminated 
by taking the curl of (9). 
V X V X H = [o +E ~] V X E (10) 
" oii V X V X H = [a + E ~] [ -ll () t J (11) 
Fr om vector calculus theory 
vxvx ii = v (v . ii) -2-- V H (12) 
Now from equations (2) and (5) 
v • H = 0 (13) 
and 
vxvx H V(O) -2-= - V H (14) 
Thus from equation (11) 
-V4i = [a+ e c#J [-JJ ~~ ] 
or 
-2-
V-·H = ·ll a 
Eddy currents are generated from sinusoidal current 
sources which in tun1 create sinusoidally varying magnetic 
fields by electromagnetic induction. Assuming no material 
inhomogeneities, steady state conditions will prevail. 
The sinusoidal magnetic field can be represented by the 
equation 
where ~ is the is the vector-phasor representation of maximum 
field amplitude. 
Differentiating equating (17) yields 
QH _ .Ajwt ot - Jwtfe 
Differentiating again 
OH _ 2A jwt 
----=~":" - -w"-He ()ta 
Substituting into (16) gives 
v2ft = jw1J.Oi1 - w21J.€1) 
Rewriting equation (20) 









Selecting a constant for ease of solution of the pending differ-
ential equation 
a
2 = wiJ.(ja - we) (22) 
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Then 
f2ft - alft = 0 (23) 
Using the original assmnption of the infinite conductor in a half 
space and assuming only a Z component of magnetic field parallel 
to the surface, equation (23) becomes 
+ alftz = 0 
Solving the differential equation gives 
A -ax 
Hz = Ae 
Rewriting (22) 
a





Conductivity (a) for most metals range from approximately 5.7xl07Z)/m 
for copper through .09xl07U/m for nickel base alloys and down 
to .057xl07U/rn for the titaniwn base alloys. Electric perrnitivity 
-12 (e) for metals is approximately 9xl0 farads/meter. Thus, 
for frequencies used in eddy current inspection a >>we. 
Rewriting (26) for conductive metals 
~ 
a = (jwJ.ta) 2 
a is known as the propagation constant of a plane wave in a 
(27) 
conductor. One must understand the physical phenomenon accompanying 
• • AH d the real and imaginary terms conta1ned 1n z an a. 
(28) 
1+. 
~z = Aexp[-x(~) (~wpa )] (29) 
A WJJ.O ~ J [ WIJO %.__] Hz = Aexp[- ( 
2 
) ~ exp - j ( 2 ) x 
(30) 
The real component of the exponential term describes the exponential 
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decay of the magnetic field as a function of depth within the 
material and, as will be sho~1, the exponential attenuation of 
eddy currents with depth. 
The ~aginary term describes a linear increase in phase 
angle lag from the surface with increasing penetration depth. 
It is evident that A is the value of ~z at the surface, 
fiz(O) thus 
i1z(x) :::: i1z(O)exp[ -(1 + j) ( w~a )\c J (31) 
The relationship of Hz to eddy current density in the half space 
can now be calculated. Referring back to equation (3) and neglecting 
displacement current with respect to conduction (a>>wQ 
- - on (3) vx H = J + ot 
vxfl=S' (32) 
d~z /J. (33) = -Jy dx 
Substituting (33) into (30) 
1 
S'y = - :X Hz(O)exp[ -(1 + j) ( w~a )"2x J (34) 
6 
Jy at the surface is found by letting X = 0 
A ~ 
Jy(O) = -(1 + j) (wp.a ) 2Hz(O) 
2 
(36) 
6 A #JO !:: 
Jy(x) = Jy(O)exp[-(1 + j) (w 
2 
) 'x] (37) 
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It is convenient to define depth of penetration in terms 
of standard depth of penetration (o) defined as the depth at 
which Jy(x) decays to (1/e)Jy(O) or 36.8% Jy(O). The st~1dard 
depth of penetration is found by setting x = o and 
(38) 
yielding 
= ( 2 )% 0 
wp.a (39) 
or 
0 - l - :J rrf~-ta (40) 
The significance of o can be seen in figure 5 where each standard 












0 1 2 3 4 5 
X/6 
Fig. 5. Relative eddy current density (Jx/Jo) 
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Eddy current depth of penetration can now be seen to increase 
with decreasing frequency, electrical conductivity, and magnetic 
permeability. Referring to equation (37), eddy current density 
is seen to increase at the surface with increases in the frequency, 
conductivity, and permeability parameters. 
The phase angle lag (separation angle) as measured 
relative to the surface is obtained from the imaginary term in 
equation (37) 
1 
9 = X(W/1CJ )~ 
2 






The relationship of phase angle to depth of penetration is shown 
in figure 6. 
Libby [s] has constructed charts showing the relationship 
of skin depth and the test variable frequency, conductivity, and 
permeability. Figure 7 is a rather complex overlay of logarithmic 
charts of resistivity and the product of a relative magnetic 
permeability and skin depth. Figure 8 is a nomograph used to more 
accurately calculate skin depth over a smaller range of parameters. 
Brown [6] at Battelle Memorial Institute, Pacific Northwest 
Laboratory, has developed a slide rule type calculator for 
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Fig. 8. Skin depth nomograph 
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III. EDDY CURRENT SIGNAL ANALYSIS 
The eddy current coil comprises the only link with the 
test object. The output signal is not generally usable in the form 
in which it is received.. It is the fwtction of the eddy current 
instrtUD.entation systems to reduce the signal to a fonnat which 
can be demodulated and processed L~to meaningful data about the 
test object. 
To describe and interpret the coil signals, it will be 
necessary to understand and put into use the phase vector diagram. 
The phasor diagram eliminates the signal frequency information 
and describes a specific signal in terms of amplitude and phase. 
The following discussions are included to help clarify the principles 
required for the more complex systems to follow in later sections. 
The phase angle of a magnetic flux and coil voltage is 
related to the test object, the variables within the object, 
and the eddy current coil. 
If a coil of zero resistance is evaluated in free space, no 
test object interac~ion occurs and a secondary magnetic field will 
not be produced. In the absence of a secondary fiel~the pr~ary 
field remains in phase with the excitation current and the induced 
. coil voltage leads by 90° (figure 9)o 
If an electrically conductive test object is within range of 
the magnetic field of an u1ductive coil, eddy currents will be 





Fig. 9. Phasor diagram for free space 
secondary magnetic field. The secondary magnetic field opposes 
the primary field to a degree proportional to conductivity, 
18 
object geometry, and operating frequency. The resulting magnetic 
field produces an induced coil voltage which leads the current by 
90°(figure 10). The coil voltage resulting from the test object 
is identified by E • E is not directly measureable since it is . s s 
included in ET. 
In the remainder of this section the eddy current systems 
used to explain eddy current signal analysis will consist of a 
primary coil used to generate the primary electromagnetic fields 
and a secondary coil which will be used to detect the secondary 
electromagnetic fields produced by the eddy currents. 
An adv&~tage to using impressed current in describing an 
electromagnetic induction system is that the resulting voltage drop 










Fig. 10. Phasor diagram for a coil over a test specimen 
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When the resistance and the inductance of the coil and associated 
circuit are eA~erimentally varied, the voltage drop is represented 
by correspondingly varying phasors on an impedance diagram producing 
curves as shotin in figure 11. Each curve represents the phasor 
diagram obtained for a specific value of coupling efficiency. 
Each smaller diameter semicircle represents progressively lower 
values of elec~romagnetic coupling efficiency. Coupling efficiency 
is inversely proportional to probe to spec~en spacing or directly 
proportional to the fill factor, a measure introduced later in this 
section to describe the ratio of cylinder diameter to encircling 
diameter. The i.'Ilpedance at point A is the impedance of the primary 
coil if the second~ry is open and thus independent of fill factor. 
To measure the ~pedance of the circuit for various values 
of secondary circuit resistivity (R ), coupling efficiency, s 
and coil inductance (Ls), lines representing the values of 
wL5 /Rs have been identified(Figure 12).The impedance of a 
circuit can be evaluated by reading the resistance and reactance 
corresponding_ to a specific value of wL /R for the coil and fill - s s 
factor describing the test system. Figure 12 has been constructed 
for a single operating frequency, thus the lines are only a 
function of the ratio L /R • 
s s 
X 
~Impedance in free space 
Fig. 11. Phasor diagram for varying secondary coil 









Fig . 12 . Phasor diagram for various coupling efficiencies 
showing actual values of wL /R • 
s s 
By adjusting the frequency in a primary loop having no 
secondary loop, there will be a variation in reactance as shown 
in figure 13 . As the figure indicates, no change in R occurs, 
but reactance varies proportionally with frequency. 
The effect of frequency on a secondary loop is shown in 
figure 14 . As the frequency is increased, the value ofwL /R s s 
also increases . 
The family of curves shown in figure 14 is often normalized 
with respect towL after first subtracting R1 , the primary 
resistance with the secondary loop open. Figure 15 represents 
21 












































a universal phasor diagram obtained by normalizing the impedance 
diagram of figure 14. 
Many impedance functions can be calculated from theory, 
but as boundary conditions become more complex, the solutions to 
the equations become correspondingly more difficult. The 
determination of test coil impedance functions for various test 
conditions and objects combined with actual measurement of these 
functions increases ones ability to predlct system response and 
performance in a given test situation. 
Some Eddy Current Applications 
and Impedance Diagrams 
The variables affecting eddy current coil impedance 
diagram include: conductivity, frequency, coupling or lift off, 
23 
thickness, coil length, magnetic permeability, and material 
homogeneity . Typical impedance curves and explanations of their 
use and informational content will now be discussed. 
-- -
Inspection of a Cylindrical Bar Using a 
Long Encircling Coil 
The universally accepted impedance diagram for a long 
encircling coil with a cylindrical bar is shown in figure 16. 
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The diagram is no~malized with respect to the empty coil reactance. 
Only noP~agnetic bar stock shall be considered at this time. 
The impedance plot has been made for two values of fill 
factor 11 = 1 and 0.81.. Use of an impedance diagram for evaluating 
a potential application car.. be shown by referring to the region 
around point C. As the test bar conductivity decreases, the 
operating point A moves along locus CD. However, as the test 
bar radius increases the operating point moves along CB toward B. 
The operating point moves two different directions for these 
varied test parameters, thus the signals generated in each case 
have correspondingly varying phase angles. These effects can be 
identified m1d separated by using instrumentation techniques which 
will discriminate and measure phase angle. Inspection of the 
impedance diagram reveals that the angle between conductivity and 
fill factor or test bar radius (a) varies as a function of 
reference number (Ka). Where 
















0.4 o.s 0.6 
Fig. 16. Impedance of a long solenoid encircling a 
conducting cylinder. Impedance values nonmalized with respect 
to empty coil reactancee 
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At point F the two loci have nearly the same phase angle; 
whereas at point H, representing the larger reference numbers, 
the difference in the phase angle approaches 45°. Changes in 
26 
the fill factor and test object conductivity are reflected in 
proportion to the variations seen on the normalization impedance 
diagram. Changes in test frequency are reflected in the actual 
impedance values, or output voltages of the unnormalized impedance 
curve. 
Conductivity of a test object can be measured from the 
impedance diagram and two simple measurements. Measurement of 
conductivity proc~eds as follows 
(Ka) 2 a=........_ ......... _ 
a (44) 
Frequency, radius, and penneability are usually known. By measuring 
the coil impedance with and without the test object permits the 
determination of the reference number (Ka). As can be seen in the 
impedance diagram, (Ka) is i~ndependent of fill factor. Now all 
quantities in (44) are known and conductivity may be calculated. 
Impedance measurements have been made for a number of 
typical materials of varying conductivity using conventional 
finite length encircling coils. The resulting generalized con-
ductivity loci are shown in figure 17. 
Figures 18 and 19 are graphs obtained using an amplitude 
sensitive eddy current instrument to measure conductivities 
ranging from approximately 1% lACS to 100% lACS. 
Figure 20 is included to further demonstrate the usefulness 
of conductivity for alloy type testing. The figure demonstrates 
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Fig. 18 . Measurement of conductivity using amplitude 







































































































































































































































































































































































































































































Wall Thickness Measurements 
The impedance loci associated with varying wall thicknesses 
in cylindrically shaped tubing are shown in figure 21. Each 
thickness locrstarts and ends on the conductivity curve. The 
end points correspond to zero wall thickness (empty coil impedance) 
and " infinite" thickness (impedance associated with material 
conductivity measurement) . Figure 21 illustrates the amplitude 









' Increasing Thickness 
l 
> 
Fig . 21 . Impedance diagram showing thickness loci 
Figure 22 is a graph of a typical wall thickness measure-
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0 11 12 13 14 15 16 17 18 19 20 21 22 
Wall Thickness (mils) 
Fig. 22. Measurement of wall thickness with amplitude 
sensitive instrumentation. 
Probe Coil Impedance Curves 
The probe coil and the encircling coil respond similarly 
to inspection variables. However, the probe coil is, in general, 
of smaller diameter, shorter, and perpendicular rather than 
concentric with the test object. As a result, the impedance 
plane diagrams may vary to a much greater extent than experienced 
with encircling coils. An experLmentally generated impedance 
diagram for a typical low frequency (120KHz) probe coil is shown 
32 
in figure 23. 
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Fig. 23. Impedance diagram for a probe coil adjacent 
to a thin plate. 
The broken ordinate axis results from the much larger 
reactance values encot.LTltered using probe coils as opposed to 
encircling coils. A probe coil having the same physical dimcn-
sions has a much lower coupling efficiency due largely to the 
orientation of the probe to the test object. 
The figure shows the basic single frequency conductivity 
curve and thickness loci seen earlier in discussions describing 
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encircling coil impedance diagrams. The dotted lines represent 
probe to object spacing, typically referred to as lift off effect. 
As would be expected, removing the probe from intimate contact 
with the test object generates an impedance shift Hhich tends 
toward "empty coil" impedance values. 
The angle between the lift off loci and the thickness 
loci is referred to as the separation angle. Separation angle 
becomes important when impf~dance analysis is used to minimize 
the effects of lift off when measuring such variables as conduc-
tivity and wall thickness. 
For example, to measure wall thickness, while minimizing 
lift off interference, a separation angle of approximately 90° 
0 should be chosen, if possible. If the angle approaches 180 
representing parallel loci, the eddy current instrumentation 
will not distinguish between the two variables. Thus the only 
method of measurement would depend upon an inspection system 
design capable of totally eliminating the lift off variable. 
On the other hand, measurements of conductivity will be easiest 
where the separation angle is 180°. This condition, sho~1 in 
figure 24, provides for the inclusion of both lift off and 
specimen thickness as easily detected variables distinguishable 
from conductivity variations yet indistinguishable from each 
other. 
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F = 120kHz 
-- -- ---





Fig. 24. Complex impedance plane of a typical eddy current 
probe coil adjacent to thick metal plates. 
Nonconductive Coating Thickness Measurements 
Measurement of a nonconductive coating on a conductive 
substrate is basically synonmous with putting a nonconductive 
spacer between the coil and a test specimen to increase lift 
off. Thus measurement of nonconductive coatings is to measure 
lift off. Figure 25 illustrates, in more detail than previously, 
the typical lift off impedance functions for a variety of base 
metal conductivities. 
Figure 26 is a graph of a typical amplitude sensitive 
eddy current instrument used to measure nonconductive coating 
thicknesses. 
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Fig. 25. Impedance diagram showing the lift off loci for 





























































































































































































































































The effect of material inhomogeneities such as subsurface 

















Fig. 27. Imped~1ce diagram for subsurface crack distance 
from the surface. 
The operating point (B) in the curve represents a material 
having a conductivity similar to stainless steel. The solid 
loci eminating from B represents impedance variations due to 
varying sizes of subsurface cracks. The dotted line represents 
the lift off effects at the operating point. The subsurface 
crack loci BC, BD, BE, and BF, respectively, represent four 
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individual subsurface cracks of decreasing depth below the surface. 
as crack depth increases, the impedance variations decrease 
while phase angle lag increases. This phenomenon results largely 
from the eff~c~s of skin effect whereby eddy current density 
decreases as a function of depth of penetration. As can be seen, 
line BFEDC shows increasing subsurface crack depth from F to c. 
The impedance variation due to the presence of a subsurface 
crack occur as the probe is scanned over the defect. 
Surface cracks respond quite a bit differently than the 
subsurface crack. Figure 28 illustrates a typical impedance 
curve for four cracks, BC, BD, BE, and BF, having increasingly 
greater depths. An lirunediate observation is that phase angle 
lag increases with crack depth as does the phasor magnitude. This 
effect is distinctly identifiable permitting the investigator 
to distinguish between surface and subsurface defects. It should 
also be noted that phase measurements are highly useful for 
applications requiring the clear separation of indication due to 
lift off and crack detection. 
An excellent paper defining methods of optimizing defect 
detection by eddy current methods has been recently published by 
Dodd et al [7]. 
Magnetic Permeability Effects 
Eddy currents are induced within an article by altering 
its magnetic flux density. A material having a high permeability 














Fig . 28. Impedance diagram for surface crack depth 
magnetic field than a material of relatively low permeability. 
This is due to the alignment of the magnetic domains within the 
ferromagnetic material . 
The increased magnetic flux density in a ferromagnetic 
material results in an increased induced voltage and effective 
coil impedance . The increased impedance results from the con-
39 
structive interaction of the primary and secondary magnetic fields 
causing an effective energy storage and an increased reactive 
40 
component in the impedance diagram. In the case of a non-
ferromagnetic material (p > 1) the secondary field tends to cancel r 
the pr~ary field resulting in an energy loss and a reduced 
-.-
reactance component. In either case, increasing conductivity 
increases energy loss resulting in reduced reactance components 
on the impedance curves. 
Figure 29 is a conductivity impedance diagram for three 
values of relativ~ permeability. As can easily be seen, increasing 
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Fig. 29. Impedance diagram showing the effect of 
permeability on reactance. 
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Relative magnetic permeability commonly exceeds ~ = 100 
r 
resulting in a significant increase in eddy current coil impedance. 
Thus the effect of a varying permeability can easily overshadow 
-.-
a measurement of another parameter such as conductivity or wall 
thickness. The deliterious effects of magnetic permeability 
may be compensated for by subjecting the ferromagnetic material 
to a saturating magnetic field. 
IV. EDDY CURRENT IMPEDANCE AND VECTOR 
--- POTENTIAL CALCULATIONS 
The impedance fw1ctions discussed in the preceeding section 
were obtained primarily from experimental data. Theoretical 
calculation of the impedance fllilction is complex and often 
dependent upon the availability of a computer, knowledgable 
application of numerical techniques, and application of a strong 
backgrollild in electromagnetic theory. 
This section demonstrates the methods used to analytically 
calculate eddy current coil impedance functions. 
Impedance of a Long Sheath Current Encircling 
A Conductive Cylinder 
The long sheath current encircling a conductive cylinder 
(figure 30) does not simulate the typical eddy current coil, 
however, by permitting one to ignore end or edge effects, the long 
sheath coil is the simplest to evaluate analytically. The 
impedance solution for the long coil, as derived by Libby [s], 
provides excellent perspective to the general character of 
test coil impedance fllilctions as well as the complexity of their 
analytical solutions. 
Assume the medium and cylinder within the coil are 
isotropic, linear, and homogeneous. Further assume a steady 
state sinusoidal excitation current. 
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Fig, 30. Long shen.th current in cylindrical coordinates 
The magnetic and electric fields are sinusoidal due to the 
sinusoidal excitation current. The solution proceeds as in 
section II, equations (17) through (21). 
Since the solution is for a long cylindrical sheath, one 
must convert equation (21) to cylindrical coordinates ani assume 
that· .Q!!= 0 and g~ = 0 • ()e 
Thus 
(45) 
Now assuming H has a component in the Z direction only 
VZ 11 = ! Q_ (r ~) 
r ()r () r 
(46) 
2 v2 1) = o~z + .! o11'z 
(.)r1 r (.)r 
Combining (21) and (47) gives 
C) ~z + 1 Ofiz _ . ( + . )A ()'r2: r Or - JWIJ. 0 JWf Hz 
(47) 
(48) 
Now absorbing ·t!le electromagnetic constants from the right hand 
side of equation (48) let 
~ 2 =wp.(a + jwE) 
The solution to this differential equation is described in 
McLachlan [8, p. 136]. 
A ~ ~ 
Hz= C
1
Jo (•prj ) + c2Ko(~Prj
2) 
Where Jo(~Pr) is a Bessel function of the first kind of the 
zero order; Ko(~Pr) is a modified Bessel function of the second 
order and of zero order. 
~ 
The Bessel function Ko(~Zj 2) increases without limit 








Hz = C1Jo('iJrj ) 
Now using Kevin Bessel real and imaginary functions 
~z = cl[ber(~r) + jbei(~r)] 
Solving for c
1
, let ~z = ~zo and r = a 
I\ 
Hzo c =------~~ 1 ber("'a + jbei("'a) 





within the cylinder, and the anulus between the cylinder and coil. 
Thus 
a b 
¢ = 2rr~!C1r [ber(~r) + jbei(~r)] dr + 2rr~H rdr (55) T 0 a o 
~.-
From McLachlan [a] 
fZber(Z)dZ = Zber'(Z) 
and 
JZbei(Z)dZ = -Zbei'(Z) 
where 
d [Jo(Zj¥2 )] __ 
- dZ - ber'Z + jbei'Z 




~T = 2rrpC1 ~ [bei'(~r)- jber'(~r)] + npH0 (b
2 - a2) (59) 
Substituting the value of c
1 
from (54) yields 
~ = 2rr H r [bei'(~r) - jber'(~r)J + TIPH (b2 _ a2) ( 60) T P o~ ber(~r) + jbei(~r) o 
The induced voltage can now be calculated by using Faraday's Law 
dt/> 
ei = - dt (61) 
ei = -2IT~::o ~ cb:;:~~;~ ~ J~=~~;~))J -~ ~~ (b2 - a2) (62) 
H being sinusoidal, 
0 






dt .)UJ 0 
-2rr·w H E [bei'(~r)- jber'(~r) J _ j rrpH (b2 _ a2) 
J P. o «P ber(cpr) + jbei(cpr) o 
= [ 2a her' (cpr) + jbei' (cpr)J + j(b2 _ a2) 










From Amperes Current Law 
-.-
JH • dl = I 
For the case of a long coil of sheath current I , 
s 








z = TT ;.tw [<~~a) (ber' (~Pr) + jbei' (..pr)) J + j (b2 _ a 2) 






The empty coil impedance is often used for normalization impedance 
plots and is obtained by permitting IP-+0. 
Z . b2 = JWJ/IT e 
since 





The normalized impedance w~ is obtained by dividing Z by wprrb2 
0 
where 
( 2) [ber'(~Pa) + jbei'(..p a)J + j(b 
~a ber(~a) + jbei(~a) 
2 1: 







for metals ranging from a few tenths of a per cent conductivity 






wpa >>wp€ therefore 
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(76) 
Most investigators have plotted coil impedance encircling the 
conducting cylinder as a family of curves and a function of fill 
-.-
factor and reference number. 
Reference number 
'{'a=~ 







Figure 31 is a plot of the long coil impedance diagram assuming a 
fill factor equal to (1.0) 2 and (.9) 2 • 
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Note that the wave number and fill factor include all signifi-
cant variables. Computation of these factors permits quick 
reference to an appropriate impedance plot to obtain the impedance 
of the coil/cylinder system without having to perform the 
derivation using the Bessel Functions. 
Eddy current coils are made of multiple windings forming a 
helix around the test object, inside a test object or around a 
ferrite core. Thus the sheath current assumption is impractical 
for most applications. 
The impedance of a long coil having n turns must now be 
calculated. 











The induced emf will be n times that induced by the sheath current. 
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Fig. 31. Impedance diagrrum calculated for a long sheath 
current encircling a cylindrical norunagnetic bar. 




. iA 2 . 2 = ~ ne n e1 n Z I =-y-=-I-= s 
n s s 
(81) 
Where Z is the impedance of the coil calculated using a sheath s 
current. 
The Impedance Functions of the Short Coil 
The calculation of the impedance of a short coil requires 
numerical techniques coupled with a computer. The short coil is 
used extensively in eddy current inspection. Dodd et al [ 9 - 17 J 
have developed solutions for various probe and encircling coils 
using a series of computer programs. By applying these or similar 
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programs one may investigate the effect of material parameters 
such as wall thickness, coatings, defects, etc., on the impedance 
functions of a coil. From these programs, Dodd has demonstrated 
the ability· to -optimize the design of a coil to obtain maximum 
sensitivity to the specific material parameters of interest. 
Eddy Current Coil Analysis Using 
Computer Techniques 
Eddy current coils have traditionally been designed by 
experience and experimental observation. Each new design of coil 
modification has required experimental demonstration. 
Recent advances in eddy current electromagnetic theory 
have significantly improved the ability to analyze and design 
coils ~~d instrument systems. In 1964 Burrows [18] developed 
a techniq.ue to accurately predict the effect of a material defect 
on an electromagnetic fi.eld. In 1967 Dodd [10] devised solutions 
to the electromagnetic field equations. 
Two techniques have been devised to analytically determine 
the value of an electromagnetic field. Both methods solve for the 
vector potential which is used to calculate induced voltage, 
coil impedance, eddy current density, ma~1etic field, dissipated 
power density, and eddy current force density. 
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The techniques devised are (1) relaxation technique (iteration) 
and (2) boundary value solutions. 
Relaxation te~hniques 
The relaxation technique divides the entire problem into 
a matrix of points in either two or three dimensions [9, 10, 11] 
as sketched in figure 32. 
z 
Fig. 32. Eddy current coil and test object divided 
into a cylindrical coordinate matrix. 
A finite difference equation then is derived to describe 
the vector potential at each point in terms of the neighboring 
points. The difference equation is described as an approximation 
of the differential equation and approaches the differential 
equation as the matrix spacing shrinks to zero. 
Assuming cylindrical coordinates, as in figure 32, the 
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+ !.l(r,z) + P(r,z) + !.l(r,z) + 
r 2 IJ(r + a,z) p(r + a,z) p(r,z + a) r 
ja{,~(r, z)cr(r, z~ (82) 
Using computers the entire matrix of points can be calculated 
giving the vector potential in terms of the potential at neigh-
boring points. Although this technique is exceptionally versatile, 
large amounts of storage and run time are required of the computer. 
Bounda·ry value solutions 
A number of coil configurations can be analyzed from 
boundary value problems by using orthogonal functions along the 
boundaries [12, 13, 14]. Dodd et al [15, 16, 17] have programmed 
the solutions to several problems on the computer. The applications 
solved include coils between multiple conductive planes and coils 
with concentric cores. The material conductivity, permeability, 
thickness, and quantity of conductors are varied at will using 
the computerized techniques. In addition, the effects of small 
defects can be simulated. 
The types of solutions which have been derived for the 
vector potential are of the form shown in equation (83). A(r,z) 
is the vector potential in the nth plane for a coil above a 
conductor as shown in figure 33. 
1 00 
A(r,z) ~- n 1-11 J' 
2 c d 
Coil 
-al 
1 e --3 
a v22 
Fig. 33. A coil above multiple planar conductors 
Other new variables are 
n = turns density 
c 




v22' vl2(n,l), and v22(n,l) = transformation matrices 
J
1
(ar) =Bessel function of first kind and first order 







,R1) = J xJ1(x)dx aR
1 
Equa~~QQ (83) can be solved on a small digital computer 
and need be solved only one tu1e for a problem as opposed to 
106 or 107 times for the relaxation method. 
Upon calculating the vector potential, the eddy current 
variables of principle interest: induced voltage, impedance, 
current density, and magnetic field strength, can easily be 
calculated as shown in the following equations. 
(84) 
The induced voltage in a coil of wire can be obtained from 
the following equations 
v = JdA • dl 
dt 
v = jwJA • dl 
(85) 
(86) 
In the case of coaxial coils (transmitting and receiving) 
the solution has axial synunetry 




where n is the number of turns in the receiving coil. 
The solution for a typical coil of rectangular cross-
sectional area is 
V = jw2rm 




The impedance of the coil described in equation (88) is 
J2 r2 
Z = LJ."' = (J ~) ( ) j' j' rAdrdz 





Eddy current density for sinusoidal currents is given 
by the equation 
- -J = -~A 







V. EDDY CURP£NT COIL CONFIGURATIONS 
-- -
The eddy current co~l is the simplest component 1n an eddy 
current inspection system. Although simple in form ru1d construction, 
the electromagnetics of the coil are complex and in most practical 
applications nearly impossible to model analytically without the 
use of a computer. 
The electromagnetic behavior of a coil in ~1 inspection 
application becomes complex due to the orientation between the 
eddy current coil and the nonsyn~etrical test object and due 
to the complex eddy current paths which may flow in that object. 
Further complexity results from system inductances and stray 
capacitance. Often neglected, yet also of importance is the eddy 
current power dissipation resulting from internal resistance ru1d 
unwanted eddy currents i.nduced in the coil rather than the test 
object. 
The eddy current coil comprises the only link between the 
material under investigation and the examining instrwncnt. Eddy 
current coils assume a wide range of configurations designed to 
provide maximum electromagnetic efficiency for a wide variety of 
test article configurations and inspection requirements. 
Many eddy current systems use a single coil to provide both 
the magnetic excitation field and to detect the resultant electro-
magnetic field. However, separate sensing coils may be used to 
moniter the resultant magnetic fields produced by the interaction 
of the excitation field and the test article. Use of separate 
sensing coils permits increased system flexibility by allowing 
maxLmization of excitation and detection parameters. Canmercial 
eddy curren~-inspection systems use both the single and multiple 
coil eddy current probes and coils. 
Design of an eddy current inspection coil is a marriage 
of theoretical techniques for characterization of coil properties 
and experimental optLmization on actual specimens and/or parts 
representative of the inspection requirement. Experimental design 
techniques aided by theory are required because of the lLmited 
analytical treatments available for coil configurations, particu-
larly in the field of interaction with a test object. The effect 
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of defects on the impedance of an eddy current coil, is in most 
cases,much too involved to determine analytically thus nessitating 
the direct evaluation in an actual test or simulated test enviornment. 
The eddy current coil configuration required for a given 
inspection is governed by the geometry, material, defect type and 
orientation, material parameter, and enviornment. Coils may be 
shielded from external electromagnetic fields or from interaction 
with extraneous areas within a test object by using magnetic or 
electrically conducting materials. These shields permit shaping 
the eddy current fields produced which frequently enhances sensi-
tivity and/or resolution. Probe coils used for measurement of 
coating thickness, wall thicknesses or defect detection are fre-
quently wound on magnetic cores. 
Frequently eddy current testing reveals what may appear as 
instrumentation drift. This can often be proven to be related to 
the stability of the t~st coil itself. Temperature variations in 
the test coil and test object are frequently produced by the eddy 
current I
2
R losses which heat the coil and/or test specimens. 
Dimensional variations caused by the thermal expansion of the 
heated coil may produce coil inductan~e fluxuations causing 
"drift". 
A corrunon difficulty occurring when magn~tic or slightly 
57 
magnetic Inaterials are eddy current inspected is response variations 
due to magnetic permeability fluxuation which occur naturally 
within some materials. If permeability variations do not contri-
bute to the detectibility of the particular material parameter 
being investigated, the effects of the variations must be elLminated 
to produce meaningful inspection data. 
Elimination of permeability effects can be accomplished by 
forcing the material into magnetic saturation. Figure 34 (a) and (b) 
demonstate the magnetic hysterisis loops for a magnetic and 
nonmagnetic material. In magnetic saturation magnetic permeability 
becomes constant as evidenced by the horizontal lines at the top 
and bottom of figure 34 (c). 
Magnetic saturation may be generated through the use of 
small permanent magnets or electromagnets built into the eddy 
current probe or by passing the article through a large external 























Fig. 34. Magnetic hysteresis for (a) nonmagnetic, (b) magnetic, 
and (c) saturated magnetic materials. 
Probe Coils 
The eddy current probe or pancake coil is the most common 
of modern coils used for the inspection of irregular shaped objects, 
flat surfaces, large diameter cylindrical or spherical surfaces, 
thin sheets, coatings, and other applications. 
The probe coil consists of one or more sets of windings 
frequently wound on a cylindrical ferrite core. Single coil 
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windings are typical with many of the general purpose eddy current 
instruments and are naturally the easiest to wind. Double or 
multiple coils consist of an excitation coil and one or more 
sensing coils; - Large diameter coils with a relatively small number 
of turns are usually used for excitation. Smaller diameter 
windings with many more turns are used as sensing coils. 
The probe coil is highly versatile and may be wound to 
produce widely varying performance characteris~ics for any par-
ticular application. Increased resolution and sensitivity may 






Fig. 35. Torroidal gap probe. Typical applications 
include edge inspection of thin sheets or turbine blade airfoils. 
Reducing edge effect or the influence from surrounding material 
may be accomplished using shields consisting of magnetic or electrically 
conductive materials as shown in figure 37. 
Fig. 36. Pinched field focus. Pinched fields may be 
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Fig. 37. Shielded probe coil 
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Defect resolution is inversely proportional to coil di~teter. 
The higher the resolution desired, the smaller the coil diameter 
required. However, irrespective of the calculated standard depth 
of penetration -derived in equation (39), the maximum depth of 
penetration will not exceed two to four coil diameters. Thus, an 
exceptionally stnall diameter coil will not provide the eddy current 
depth of penetration as calculated. The depth limitation is due to 
the limited range of the coil's magnetic field which is a function 
of coil diameter, length, shielding, focusing, etc. 
Maximu~ defect sensitivity is achieved by orienting the 
coil with the test specimen so as to produce maximum signal 
amplitude. Optimum sensitivity is achieved with the eddy current 
flow perpendicular to the orientation of the defect. 
A probe may be used with a variety of mechanically or 
hand held devices and are often housed in special adapters to 
control probe to part spacing (lift off), contact pressure, and 
angle incidence. Frequently the probe is molded to conform to the 
geometry of the part(s) to be inspected. 
A typical hand held probe with spring loading is shown in 
figure 38. 
The variety of probe housing which may be built are as 
numerous as the applications to which eddy current inspection is 
applied. Frequently, probes are embedded in epoxy molds and 
shaped to fit hardware contours for maximum sensitivity of inspection 
of a specific zone with minimum lift off effect. 
-- - ~~~------Spring ...----... ...... 
-+----Housing 
Fig . 38. Typical spring loaded eddy current coil 
Absolute Coil 
As indicated earlier, · there are a wide variety of eddy 
current probes. The simplest being the absolute solenoid coil 
arrangement containing either a single coil for excitation and 
sensing or multiple coils with individual excitation and sensing 
windings. The absolute probe is excellent for measuring most 
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material or dimensional characteristics within the realm of eddy 
current inspection. However, the absolute coil does have limitations 
including simultaneous sensitivity to multiple eddy current parameters. 
Unless this sensitivity to multiple parameters can be compensated 
for by instrumentation and/or phasor relationships, erroneous 
interpretation of the eddy current data may result. 
Solutions to this problem include the use of differential 
coil or a comparitor coil. 
Differential Probe 
The differential coil shown in figure 39 consists of two 
or more separate sensing coils aligned side by side. The signals 
from each coil · are balanced using a bridge circuit to produce a 
nul or zero signal over a homogeneous material. As the probe is 
scru1ned over a surface the output of each coil is compared using 
the bridge which produces the zero output over material of uniform 
condition. When one coil is presented to a differing condition 
an output voltage is generated. Thus the differential probe is 
ideal for discrimination between slowly varying test conditions 






Defect -----•J ~ 
Fig. 39. Differential probe consisting of two opposed 
secondary coils in a single housing. 
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Torroidal and Gap Probes 
These coils are designed using a magnetic material shaped 
specifically to control the orientation and intensity of the magnetic 
-.-
field. The probes are frequently built from a torroidal ferrite 
core material which after winding has been machined to produce 
a narrow slit or gap (figure 35). 
The gap creates a high magnetic field density over a very 
small area of the specimen. A variation of the gap probe is 
shown in figure 40. 
' '...,- - - • --:.:."" ; I 
.............. : ... -... -_- _-_ ..:" ... .,_"'.,"" ~ ... ___ ...... --
Fig. 40. Gap probe 
Both coils are exceptionally sensitive to very small defects. 
As should be expected, the coils are also sensitive to irrelevent 
material or surface finish conditions thus creating a higher than 
average "noise" level. 
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The small effective field area produced by the gap probe is 
excellent for defect inspections on irregular shapes. 
The magnetic flux vector is rotated 90° in relation to the 
- - -
test specimen when using the gap probe. Thus the direction of 
eddy current is also rotated. 
Encircling Coils 
The encircling coil, in figure 41, is typically used in 
applications where a high rate of inspection is desired on long 
symmetrical shapes such as tubing. Other applications of the 
encircling coil includes bulk inspection of smaller hardware for 
nondestructive alloy identification, conductivity measurements, etc. 
Coil 
Tubing or Bar 
Fig. 41. Encircling coils 
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Encircling coils have a wide variety of configurations 
including absolute, differential, self cornparitive, and external 
comparitive. Each of these configurations, although typically 
- - -
cylindrically wound, may be wound rectangularly. 
The differential encircling coil sketched in figure 42 
operates by the same principles described for. the differential 
probe coil. The self comparitive probe is essentially a differential 
coil. 
~--~--------- AC 
Fig. 42. Differen~ial encircling coil 
An external comparison probe consists of two sets of sensing 
coils as shown in figure 43. 
The first sensing coil (test) forms one branch of the sensing 
bridge circuit similar to a differential coil. However, the second 





Fig. 43. External comparison coil arrangement 
similar size, shape, and material as the parts to be inspected is 
inserted into the reference coil. The bridge circuit then in nulled 
on an identical reference master in the test coil. Any material 
passing through the test coil produces an eddy current indication 
if disstmilar in properties to the reference master. 
Inside Coils 
Inside coils, figure 44, are wound and operate similar to 
the encircling coil. The prime difference being that the coils 
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are usually wound on a nonconductive bobbin. Inspection is performed 
by inserting the coils into the inside diameter of the object(s) 
being inspected. 
68 
Fig. 44. Inside coils (bobbin) 
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VI. EDDY CURRENT INSTRUMENTATION 
A wide variety of eddy current instruments are available 
for application in nondestructive testing which range from the 
relatively simple instruments to highly complex systems. All 
eddy current instruments perform at least five principle functions: 
excitation, modulation, signal preparation, demodulation and analysis, 
and signal display or response . A block diagram of an eddy current 
instrument showing the principle functions is given in figure 45. 
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Fig. 45. Eddy current instrument block diagram and functions 
Instrumentation Concepts 
Eddy current generators are usually single frequency sine 
wave oscillators with associated amplifiers. Multifrequency 
systems having two or more frequencies singularly or simultaneously 
are used in many applications. Pulsed generators for eddy current 
inspection have been receiving considerable attention. 
Signal modulation is a function of material properties and 
is developed through the interaction of the coil's magnetic 
70 
field and the- test object. Test coil design is the major parameter 
controlling the type and degree of modulation to be obtained from 
the test object. Numerous coil configurations are available. 
Common coil configurations have been discussed in section V. 
Signal preparation consists of balancing and compensation 
using bridges, filters, and shapers. Balancing and compensation 
circuits bias the input signal to obtain an amplitude level 
within the linear operating range of the system amplifiers. A 
common bridge circuit used in numerous eddy current instruments 
from the most simple to highly complex systems is the AC bridge 
shown in figure 46. The AC bridge uses the eddy current coil 
as one leg of the bridge. The bridge is balanced for the typical 
operating condition and geometry. As the coil scans the object 
variations in material homogeneity or physical dimensions alter 
test coil impedance and thus unbalance the bridge generating a 
signal proportional to the bridge unbalance and test object 
condition. 
A second bridge design consists of an AC bridge with comparison 
or differential coil configurations making up two of the bridge 
legs as sho~l in figure 47. In this application the test objects 
~td/or reference masters are balanced in the bridge circuit 
to produce a nul signal. Replacing the test object with a 
variant sample will generate a bridge unbalance and indication 
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signal. 
Another circuit frequently encountered in eddy current 
instruments uses the test coil as the inductive component controlling 
the oscillator-e~citation frequency. As varying test parameters 
are detected, fluxuations in coil impedance will produce oscillator 
frequency, phase, and/or amplitude shifts. These variations 
can then be demodulated and processed through display circuits 
for inspection. 
Detector 
Fig. 46 . Single leg AC bridge 
A simple circuit used occasionally in amplitude sensitive 
applications is a fixed amplitude sine wave current generator. 
Variations in test coil impedance produce corresponding fluxuations 




Fig. 47. Double leg AC bridge for comparison and 
differential coil configurations. 
processed. A more complicated and versatile variation of the 
above irtstrument system is shown in figure 48. The fixed 
oscillator also supplies the excitation signal to a phase adjust 
circuit. The output of the sensing coil is subtracted from the 
fixed signal, amplified, and filtered. The phase detector is 
used to adjust the phase discrimination angle. 
Eddy current instrument systems are typically classified 
as one of three major detector types. 
1. Null balance with amplitude detector which is used primarily 
as an impedance analysis method for measurement of the 
magnitude of the induced eddy current field. 
2. Null balance with phase detectors for measuring net changes 
in the time phase of the induced eddy current field with 
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respect to a test coil voltage, as well as measuring the 
magnitude changes. 
3. Modulation analysis used to measure the rate of change of 
phase or amplitude of the eddy current field in instances 
where the test article is in motion with respect to the test 
coil. Modulation analysis is frequently accomplished by 
adding electronic filters between the bridge circuit and the 
indicator or recording devise. The filters are usually 
selected to pass only high frequency variations in the eddy 
current response such as cracks and other similar defects. 
Variations due to geometrical inconsistancies are usually 
filtered out. Figure 49 illustrates results of the modulation 
method of analysis applied to turbine blade airfoil inspection 
using a standard single coil probe. This method, however, 
may be applied to any coil configuration. 
During an eddy current inspection, one significant problem 
which continually occurs,particularly in hand held applications, 
is that of varying coil to part spacing called ''lift ofP'. In 
mechanically controlled scanning systems, lift off can also be 
a significant variable due to object geometrical irregularities 
or motional instabilities. High volume mechanically controlled 
inspections frequently require noncontact probes (to eliminate 
undesirable wear) which also tend to experience suseptibility to 
lift off effects. Use of teflon tape and plastic shims between 
a contact probe and a specimen does reduce lift off variations, to 
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Fig. 48. Fixed generator instrument with phase discrimination 
To reduce the effects of lift off variations, phase shift 
circuits have been incorporated in most modern eddy current 
instruments particularly those designed for defect detection 
applications. Instrument systems having inadequate compensation 
characteristics frequently are unable to distinguish between 
a defect and a momentary lift off induced fluxuation having 











Fig. 49. Turbine blade airfoil inspection for cracks: 
(A)recorder output unmodulated, (B)recorder output modulated. 
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